Introduction
The interactions of cells with extracellular matrix (ECM) proteins and neighbouring cells are involved in a variety of biological processes, including embryonic development, cell migration, growth control, and tissue repair (Ekblom et al., 1986) . These interactions are mediated largely by the integrin family of cell surface adhesion receptors, which consist of α and β subunits (Ruoslahti, 1988; Albelda and Buck, 1990; Hemler, 1990; Hynes, 1992) . Each subunit is composed of large extracellular and short intracellular domains with the exception of the β 4 integrin subunit, which possesses an extremely long cytoplasmic tail. The β 1 subunit can be associated with at least 10 different subunits and thus forms the largest subfamily of integrins. Integrins are partially localized on the ventral surface of cultured cells in clusters called focal adhesions (focal contacts or adhesion plaques) (Burridge et al., 1988) . These regions are interesting not only as models for exploring the links between the extracellular matrix and the cytoskeleton, but also as sites of transmembrane communication between the extracellular environment and the cytoplasm. The cytoplasmic tails of integrins interact with talin, α-actinin, tensin and probably other, as yet to be discovered, proteins, to link integrins with the actin-containing cytoskeleton (Burridge et al., 1988; Otey et al., 1990) . Thus, integrins provide a bridge between the ECM and the actin cytoskeleton. Recent evidence suggests that the integrins are also transducers of cytoplasmic signals (Hynes, 1992; Schwartz, 1992; Juliano and Haskill, 1993) , and activation of this pathway is linked to one or more protein tyrosine kinases (PTK) (Guan et al., 1991; Kornberg et al., 1991) . A candidate PTK for a mediator of integrin signalling is focal adhesion kinase (FAK or pp125 FAK ) which co-localizes with integrins at sites of cell-ECM contact (Hanks et al., 1992; Schaller et al., 1992) . FAK is a 125 kDa cytoplasmic protein tyrosine kinase that is localized to focal adhesions of cultured cells (Zachary and Rozengurt, 1992) , and can also be tyrosine-phosphorylated in response to the clustering of integrins (Kornberg et al., 1991; Zachary and Rozengurt, 1992; Schaller and Parsons, 1994) . Tyrosine phosphorylation of FAK is stimulated by engagement of integrins with their ligands.
Recent studies have demonstrated that the expression of β 1 integrins in human endometrium increases at the time of implantation (Lessey et al., 1992; Damsky et al., 1993; Sutherland et al., 1993; Bronson and Fusi, 1996; Shiokawa et al., 1996a; Meyer et al., 1997) . Thus, certain β 1 integrin moieties appear to be regulated throughout the endometrial cycle. We have reported that the outgrowth of embryos on decidual cells, but not the attachment, is inhibited by antibodies recognizing the components of the β 1 integrin family, suggesting that β 1 integrins on decidual cells may be important in development and differentiation following attachment (Yoshimura et al., 1995; Shiokawa et al., 1996b) . The integrins themselves have no enzymatic activity and therefore must rely upon interactions with accessory proteins for the generation of cytoplasmic signals. FAK is one such candidate signalling molecule. In the present study, we determined the expression of FAK on human decidual cells by immunofluorescent staining. In addition, the effects of tyrosine phosphorylation of FAK on embryo attachment to and spreading on decidual cells were examined to identify the role of FAK during implantation of embryos.
Materials and methods

Tissue preparation
Specimens of decidua were obtained from 27 women undergoing therapeutic abortion at 7-11 weeks of gestation. The median age of these women was 29 years (range: 22-35 years). Gestational ages were estimated from information on the date of the last menstruation, uterine size, and measurement of crown-rump length. All women gave informed consent for collection of the tissues, and the study was approved by the Ethics Committee, Kyorin University School of Medicine, Japan. The specimens were placed immediately in ice-cold Medium 199 (Gibco, Grand Island, New York, USA) containing 25 mM HEPES (Sigma Chemical Co, St Louis, MO, USA) and 1% antibiotic-antimycotic mixture (Gibco) and transported to the laboratory within 1 h following the procedure. After the blood clots had been removed, the decidual tissue was rinsed thoroughly in icecold Medium 199. The tissue was trimmed and cut into~1 mm 3 pieces using a small pair of scissors. A portion of the tissue was stained with haematoxylin-eosin for histological examination. The remaining tissue was treated enzymatically to disperse the cells.
Decidual cell culture
Isolation of the decidual cells was performed by the methods described by Satyaswaroop et al. (1979) and Braverman et al. (1984) , with minor modifications. The tissue was treated with 0.1% collagenase (Type IA; Sigma) and 0.1% hyaluronidase (Type IS; Sigma) in Ca 2ϩ -free phosphate-buffered saline (PBS) while stirring at 37°C for 1 h. At the end of this period, the suspension of cells was filtered through nylon mesh (pore size, 105 µm) to remove undigested tissue debris. The cells were collected from the filtrate by centrifugation at 800 g for 10 min and the pellet was resuspended in Medium 199 containing 10% fetal calf serum (FCS; Gibco). The cell suspension was filtered through a 38 µm stainless steel sieve (Spectrum, Los Angeles, CA, USA) to retain the glandular elements as previously described (Satyaswaroop et al., 1979; Lockwood et al., 1993) . The stromal cells were then collected by centrifugation, washed, and resuspended in 20% isotonic Percoll solution and layered on the top of 20-60% and 40-55% Percoll gradients (Braverman et al., 1984) . The tubes were centrifuged for 15 min at 30 000 g in a Beckman L3-50 ultracentrifuge set at 4°C, using a type 65 fixed-angle rotor (Beckman, Palo Alto, CA, USA). An enriched fraction of prolactin (PRL)-producing decidual cells layered as a single band with a cell density of 1.033-1.048 g/ml. The band contained a near-homogeneous population of large round mononucleated cells (Ͼ25 µm diameter). The decidual cells were washed and suspended three times in Medium 199 supplemented with 10% FCS and 1% antibiotic-antimycotic mixture. Aliquots of decidual cell suspensions were counted by the dye exclusion test using 0.4% (vol/vol) Trypan Blue in PBS. The stromal cells were plated at 5ϫ10 5 cells/ml in a 35ϫ10 mm plastic Petri dish (Falcon #3001; Beckton-Dickinson, Lincoln Park, NJ, USA). The culture medium was changed every 48 h, and the cultures were maintained in humidified mixture of 95% air/5% CO 2 at 37°C for 10 days.
Reagents
The anti-human integrin β 1 subunit mouse monoclonal antibody was purchased from Immunotech S.A. (Marseille, France). The antihuman FAK rabbit polyclonal antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-phosphotyrosine mouse monoclonal antibody and the anti-talin mouse monoclonal antibody were obtained from Sigma. The fluorescence-labelled secondary antibodies were all affinity purified: Texas Red goat antirabbit immunoglobulin G (IgG) from Vector Laboratories Inc. (Burlingame, CA, USA); fluorescein isothiocyanate (FITC)-conjugated F(ab') 2 goat anti-mouse IgG from Dako A/S (Glostrup, Denmark). Fibronectin (FN) was purchased from Iwaki Glass Co Ltd, (Chiba, Japan). Herbimycin A was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). A purified mouse monoclonal IgG1 antibody (DAKO A/S) or a purified rat IgG antibody (Organon Teknika Corporation, West Chester, PA, USA) was used as a negative control.
Immunofluorescent staining of decidual cells
Human decidual cells were cultured for 30 min or 48 h in Medium 199 containing 10% FCS on Lab-Tek chamber slides (Nalge Nunc International, Naperville, IL, USA) coated with FN. Coating with FN was performed by incubating the slides overnight at 4°C in PBS with 10 mg/ml of FN. In some experiments, cultured decidual cells on FN were further treated with herbimycin A (100 nM) for an additional 24 h. The cultured decidual cells were fixed with 4% paraformaldehyde in PBS for 10 min, and washed three times for 10 min with PBS. The cells were permeabilized with 0.5% Triton X-100 for 10 min. The coverslips were then incubated at 37°C for 60 min with one of three sets of antibodies: (i) anti-human FAK rabbit polyclonal antibody mixed with anti-phosphotyrosine mouse monoclonal antibody; (ii) anti-human FAK rabbit polyclonal antibody mixed with anti-talin mouse monoclonal antibody; or (iii) anti-human FAK rabbit polyclonal antibody mixed with anti-human integrin β 1 subunit mouse monoclonal antibody. In some experiments the cells were stained with FAK before staining with the anti-phosphotyrosine antibody, but no significant differences were detected in the resulting staining patterns. The cells were rinsed extensively in PBS and then stained with a mixture of Texas Red-labelled, affinity-purified goat anti-rabbit IgG, and FITC-labelled, affinity-purified goat anti-mouse IgG for 60 min at 37°C. The coverslips were washed in PBS, rinsed in deionized water, and mounted with glycerol. Cells were observed by confocal laser scanning microscopy (Olympus Optical Co Ltd, Tokyo, Japan). Fluorescense micrographs were taken on TMAX 400 film (Eastman Kodak Co., Rochester, NY, USA). All double stainings were tested to ensure that no undesired cross-reactivity existed between the primary and secondary antibodies.
Assays for embryo attachment and spreading on human decidua
Embryo attachment and spreading assays were performed using cultured human decidua. Ovulation was stimulated in female ICR mice (8 weeks old; Clea Japan Inc, Tokyo, Japan) by an injection of 5 IU of pregnant mare's serum gonadotrophin (Teikoku-zoki Co, Tokyo, Japan) followed 48 h later by an injection of 2.5 IU of human chorionic gonadotrophin (HCG; Teikoku-zoki Co.) and were then caged with ICR males. Embryos were flushed at the late morula stage or early blastocyst stage (96 h after administration of HCG) from the uterine horns, collected, and rinsed in Medium 199 supplemented with 0.4% bovine serum albumin (BSA).
Decidual cells were cultured in Medium 199 supplemented with 10% FCS for 10 days. In control cultures, decidual cells were incubated without herbimycin A. In experimental cultures, decidual cells were incubated with herbimycin A at concentrations of 1-100 nM. Between five and eight embryos were then placed in prepared dishes with a subconfluent monolayer culture of decidual cells and co-cultured for 96 h. Embryo attachment was identified by gently flushing a small amount of medium on each embryo using a glass pipette pulled to a very fine bore. Embryos that showed no movement while being observed under an Olympus inverted phasecontrast microscope (Olympus Optical Co. Ltd, Tokyo, Japan) were considered to be attached. Embryos were classified as spreading if migration of individual cells or monolayers of trophoblasts from the ectoplacental cone rudiment were observed. The extent of spreading was determined by photographing the embryos at a magnification of ϫ200 and printing each negative at the same size. The area of outgrowth was measured using a colour image analysing system (SP500; Olympus Optical Co Ltd) by the method described by Imamura et al. (1991) . The same observer (S.S.) produced each tracing. The final value for each embryo was calculated from the average of three tracings. The result of each treatment represents the average of the measurments of at least 35 embryos. Measurements of embryo attachment and spreading were made at 24 and 48 h of incubation respectively. The area of embryo outgrowth was determined at 48-96 h of incubation.
Statistical analysis
The percentages of embryo hatching, attachment and spreading, and the area of embryo spreading are expressed as the mean Ϯ SEM. To obtain a normal distribution, the percentages of embryo attachment and spreading were transformed using an arcsine transformation. Statistical analysis was carried out using analysis of variance (ANOVA) and Scheffé's test. P Ͻ 0.05 was considered to be statistically significant.
Results
To investigate the formation of focal adhesions and roles of adhesion molecules in human decidual cells on FN-coated plate, a double immunofluorescent study was performed at the indicated time. The positive staining of FAK and phosphotyrosine started to be seen 30 min after plating (Figure 1 ), although cells were still round. Co-localization of FAK ( Figure 1A ) and phosphotyrosine ( Figure 1B ) indicated that FAK already has been phosphorylated within 30 min after plating. The decidual 909 cells spread completely 48 h after plating. These cells were studied for the subcellular localization of FAK (Figure 2A) . The FAK staining revealed a similar pattern to that of talin ( Figure 2D) , which is well known as a marker of focal adhesions. During cell spreading, the staining in focal adhesions detected with anti-FAK, anti-phosphotyrosine and anti-talin antibodies became prominent. These findings indicate that FAK was associated with talin in peripheral focal adhesions and was phosphorylated. We also demonstrated the co-localization of FAK ( Figure 2E ) and integrin β 1 ( Figure 2F ). When treated with 100 nM herbimycin A for 24 h, no immunostaining of FAK assembled in focal adhesions was observed ( Figure  3A ) and the staining with anti-phosphotyrosine was completely attenuated ( Figure 3B ).
Mouse-hatched blastocysts cultured in vitro attached and formed outgrowths of trophoblasts on human decidual cells, providing a model for implantation (Yoshimura et al., 1995; Bischof and Campana, 1996; Shiokawa et al., 1996b) . The effects of tyrosine phosphorylation on embryo attachment and the subsequent spreading of trophoblast were investigated in vitro on decidual cells incubated with herbimycin A. When decidual cell monolayers were treated with herbimycin A in concentrations Ͼ1 µM, minute flaws were observed in the continuity of the cellular pattern, resulting in a 'stocking ladder' appearance. These tiny discontinuities were apparently the results of dissociation of adjacent cells and not due to detachment as observed in human umbilical vein endothelial cells (Lampugnani et al., 1991) . Increasing concentrations of herbimycin A induced progressively larger discontinuities in the decidual cell monolayers, ending up with substantial holes and resulting in monolayer detachment from the culture dish by 72 h. However, herbimycin A at Ͻ200 nM had no effect on monolayer integrity. In experiments with rat vascular smooth muscle cells, 5 µM herbimycin A was used with no evidence of cytotoxicity (Weiss and Nuccitell, 1992) .
The addition of herbimycin A to cultured decidual cells did not affect the hatching ratio (Figures 4 and 5) . Attachment of hatched blastocysts was slightly, but not significantly, reduced in cultures treated with herbimycin A when compared with control cultures (Figures 4 and 5) . The spreading of trophoblasts from attached blastocysts was observed 48-96 h following coculture with decidual cells. The area of trophoblast outgrowth was increased according to the duration of co-culture with decidual cells. Both the incidence and area of trophoblastic outgrowth from attached blastocysts were significantly inhibited by the addition of herbimycin A at concentrations of 1-100 nM (Figures 6 and 7) . Furthermore, exposure of the decidual cells to herbimycin A inhibited the area of outgrowth of trophoblasts in a dose-dependent manner 96 h following co-culture (Figures 6 and 7) . In the presence of the herbimycin A at 100 nM, blastocysts remained attached to decidual cells for 48 h, but often appeared to have collapsed. Many of these embryos became detached from the surface of decidual cells by 120 h.
Discussion
The present study demonstrated that the expression of FAK on human decidual cells could be observed by immunofluorescent 
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staining. Among the studies dealing with decidual tissue, very few have paid attention to the presence and nature of FAK. In human decidual cells, double-staining for FAK and phosphotyrosine, FAK and talin, FAK and β 1 integrin showed a clear co-localization. The distribution of FAK in human decidual cells was prominent in the regions known as focal adhesions (adhesion plaques, or focal contacts). We also found that the typical distribution of the integrin β 1 subunit in decidual cells was in peripheral focal adhesions. Schmidt et al. (1993 Schmidt et al. ( , 1995 reported that integrin-cytoskelton linkages influence cell migration. In human implantation, a large number of trophoblasts infiltrate through the decidua and extend as far as the superficial layer of myometrium (Burrows et al., 1996) . We have demonstrated that β 1 integrins are involved in the spreading of mouse embryos on decidual cells (Yoshimura et al., 1995; Shiokawa et al., 1996b) . These previous findings as well as the present results suggest that the β 1 integrincytoskelton linkage in focal adhesions on human decidual cells may be important in mediating implantation and placentaluterine attachment.
Focal adhesions are thought to be important not only as structural links between the ECM and the cytoskelton, but also as sites of signal transduction from the ECM (Burridge et al., 1988) . Several potential regulatory enzymes have been identified in focal adhesions (Burridge et al., 1988) . These include protein kinase C (Jaken et al., 1989) and several tyrosine kinases (Rohrschneider, 1980; Rohrschneider and Gentry, 1984; Rohrschneider and Najita, 1984) . Considerable attention has been directed toward FAK, which is localized in residual focal adhesions . In this report, we showed that attachment of decidual cells to FN-induced tyrosine phosphorylation of FAK. This rapid induction preceded cell spreading. In particular, tyrosine phosphorylation 911 of FAK has emerged as a potential transducer of integringenerated signalling pathways. An intriguing possibility is that integrin signalling and activation of FAK are related to the control of cell outgrowth during implantation.
Tyrosine kinase inhibitors are useful in defining a direct or indirect role for specific kinases in the adhesion-induced tyrosine phosphorylation of focal adhesion proteins. In the present study, we used herbimycin A to demonstrate whether inhibition of tyrosine phosphorylation is associated with impaired signal transduction through FAK. Herbimycin A is a benzoquinonoid ansamycin antibiotic that was found to reverse oncogenic transformation induced by pp60 v-src (Uehara et al., 1989a) . Subsequent investigation showed that this agent inhibited tyrosine phosphorylation mediated by the src kinases (Uehara et al., 1989a,b; Fukazawa et al., 1990) . This effect was due to direct inhibition of the kinase as well as to degradation of the src protein. Herbimycin A has also been shown to induce differentiation in a number of cell lines, and has been correlated with inhibition of protein tyrosine kinase activity (Kondo et al., 1989) . Burridge et al. (1992) reported that the effects of herbimycin A include the inhibition of adhesion-induced tyrosine phosphorylation of focal adhesion proteins including FAK and paxillin, the inhibition of focal adhesion formation, and interference with stress fiber assembly in normal cells plated on fibronectin. In the present study, the effects of herbimycin A on decidual cells include the inhibition of adhesion-induced tyrosine phosphorylation of focal adhesion proteins of FAK and the inhibition of focal adhesion formation. The outgrowth, but not attachment, of embryos on decidual 
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cells was inhibited in a dose-dependent manner by the addition of herbimycin A. However, we cannot rule out the possibility that herbimycin A affects other tyrosine kinases. FAK is now firmly established as one of the major protein tyrosine kinases for integrin-induced tyrosine phosphorylation . Our data suggest the possibility that tyrosine phosphorylation of FAK may play an important role in blastocyst development and differentiation following attachment. Tyrosine phosphorylation of FAK seems to precede the onset of cell spreading. Thus, it is tempting to speculate that tyrosine phosphorylation of FAK may be involved in cell spreading. Our previous study using blastocyst attachment-spreading assay revealed that the β 1 integrin family on decidual cells may be involved in trophoblast development and differentiation following attachment (Yoshimura et al., 1995; Shiokawa et al., 1996b) . To our knowledge, this is the first demonstration of the biological action of the phosphorylation of focal adhesion proteins, such as FAK, on embryo outgrowth on decidual cells.
Although the precise function of FAK is not known, two possibilities have been proposed: FAK may regulate the assembly of focal adhesions in spreading or migrating cells, or FAK may participate in a signal transduction cascade to inform the nucleus that the cell is anchored. FAK is thought to be involved in the formation of focal contacts . In contrast, Ilic et al. (1995) , in a study of FAKdeficient cells, have reported that FAK is involved in the turnover of focal contacts rather than in their formation. Perhaps not only the formation of focal adhesions but also their turnover is essential for cell spreading and movement. The present data, in conjunction with other findings, imply that FAK in human decidual cells is localized to focal adhesions and becomes phosphorylated and activated in response to integrin-mediated binding of cells to the ECM, suggesting an important role in cell adhesion and/or migration in the process of implantation. Akiyama et al. (1994) demonstrated that the β 1 integrin intracellular domain is sufficient to stimulate transmembrane signal transduction in the form of tyrosine phosphorylation. Thus, neither integrin extracellular domains nor transmembrane domains are needed for signal transduction, suggesting that the only integrin-specific interactions required involve the β 1 integrin intracellular domain. We previously reported that decidual cell expressed β 1 integrin on their surface and that the outgrowth of embryos on the decidual cells was inhibited by the addition of a monoclonal antibody against the β 1 integrin subunit (Yoshimura et al., 1995; Shiokawa et al., 1996b) . A monoclonal antibody against the integrin β 1 subunit blocks the extracellular domain of integrin β 1 subunit. In the present study, outgrowth of embryos on decidual cells was inhibited in a dose-dependent manner by the addition of herbimycin A, indicating that herbimycin A induces inactivation of an intracellular protein kinase, such as FAK. These findings suggest that some form of extracellular interaction may be required for inducing the tyrosine phosphorylation of FAK in human decidual cells. β 1 integrins mediate the transfer of information into decidual cells. This principal process in which integrin-mediated signalling has been implicated is called an outside-in signalling (Hynes, 1992) .
A variety of integrins can influence FAK since ligation of α 3 β 1 , α 5 β 1 , α 2 β 1 and α IIb β 3 all seem to be effective (Golden et al., 1990; Kornberg et al., 1991; Lipfert et al., 1992; Bauer et al., 1993) . A related issue concerns the relative contribution of the α and β subunits to FAK activation, suggesting that truncation of the β 1 subunit abolishes integrin-mediated tyrosine phosphorylation (Guan et al., 1991) . In contrast, a study on the role of the α 5 subunit demonstrates that truncation of the cytoplasmic domain does not compromise tyrosine phosphorylation (Bauer et al., 1993) . It may also be premature to conclude that the interactions between integrins and FAK are mediated solely through the cytoplasmic domain. The integrin β subunit has been shown to bind directly to FAK in vitro (Schaller et al., 1995a) . We previously demonstrated that the addition of anti-α 1 , α 2 , α 5 and α 6 subunit antibodies, as well as the anti-β 1 subunit antibody, significantly inhibited the extent of trophoblast outgrowth, suggesting that the integrin β subunit and α subunit may control trophoblast outgrowth by different mechanisms (Shiokawa et al., 1996b) . Integrin α subunits have been shown to interact constitutively with caveolin, a two-pass transmembrane adaptor involved in linking a variety of cell surface receptors to intracellular signalling pathways (Lisanti et al., 1994) . Shc, an adaptor protein, 913 associates with caveolin in response to integrin ligation (Kishore et al., 1996) . This pathway may be involved in the process of implantation.
In conclusion, FAK and β 1 integrin in human decidual cells are distributed at the regions known as focal adhesions. β 1 integrin-cytoskeltal linkage in focal contacts on human decidual cells may be important in mediating implantation. Mouse blastocysts attached to and spread on human decidual cells. The outgrowth, but not the attachment, of embryos on decidual cells was inhibited by a tyrosine kinase inhibitor, herbimycin A, suggesting that tyrosine phosphorylation of protein tyrosin kinase, including FAK, on decidual cells may be important in development and differentiation following attachment. Activation of FAK may represent one step on the complex, multistep process of cytoskeletal assembly (Lo and Forscher, 1994; Turner and Miller, 1994; Schaller and Parsons, 1995b) . Further studies are needed to explore the role of other focal adhesion molecules in the process of implantation.
